Alamdari N, Smith IJ, Aversa Z, Hasselgren PO. Sepsis and glucocorticoids upregulate p300 and downregulate HDAC6 expression and activity in skeletal muscle. Am J Physiol Regul Integr Comp Physiol 299: R509 -R520, 2010. First published June 10, 2010 doi:10.1152/ajpregu.00858.2009.-Muscle wasting during sepsis is in part regulated by glucocorticoids. In recent studies, treatment of cultured muscle cells in vitro with dexamethasone upregulated expression and activity of p300, a histone acetyl transferase (HAT), and reduced expression and activity of the histone deacetylases-3 (HDAC3) and -6, changes that favor hyperacetylation. Here, we tested the hypothesis that sepsis and glucocorticoids regulate p300 and HDAC3 and -6 in skeletal muscle in vivo. Because sepsis-induced metabolic changes are particularly pronounced in white, fast-twitch skeletal muscle, most experiments were performed in extensor digitorum longus muscles. Sepsis in rats upregulated p300 mRNA and protein levels, stimulated HAT activity, and reduced HDAC6 expression and HDAC activity. The sepsis-induced changes in p300 and HDAC expression were prevented by the glucocorticoid receptor antagonist RU38486. Treatment of rats with dexamethasone increased expression of p300 and HAT activity, reduced expression of HDAC3 and -6, and inhibited HDAC activity. Finally, treatment with the HDAC inhibitor trichostatin A resulted in increased muscle proteolysis and expression of the ubiquitin ligase atrogin-1. Taken together, our results suggest for the first time that sepsis-induced muscle wasting may be regulated by glucocorticoid-dependent hyperacetylation caused by increased p300 and reduced HDAC expression and activity. The recent development of pharmacological HDAC activators may provide a novel avenue to prevent and treat muscle wasting in sepsis and other catabolic conditions. acetylation; muscle wasting MUSCLE WASTING DURING SEPSIS is, at least in part, regulated by glucocorticoids (15, 50) and is mainly caused by increased degradation of myofibrillar proteins, although inhibited protein synthesis may contribute as well (16, 25) . Gene transcription is altered in atrophying muscle, and in recent studies in experimental animals, a common set of genes, so called atrogenes, was upregulated in different catabolic conditions (27) . Among the atrogenes, the genes for the ubiquitin ligases muscle atrophy F-box, also known as atrogin-1 (MAFbx/atrogin-1) and muscle ring finger 1 (MuRF1) are particularly important (3, 14) . Because changes in gene transcription play an important role in loss of muscle mass it is likely that transcription factors are involved in muscle wasting. Indeed, recent reports from our and other laboratories suggest that the transcription factors NF-B (4, 44, 59), CCAAT/enhancer-binding protein (C/ EBP)␤ and -␦ (43, 62), AP-1 (41, 44), and forkhead box (FOXO)1 and -3a (11, 12, 21, 22, 52) regulate muscle-wastingrelated genes in sepsis and other catabolic conditions.
(FOXO)1 and -3a (11, 12, 21, 22, 52) regulate muscle-wastingrelated genes in sepsis and other catabolic conditions.
In addition to transcription factors, gene activation is also regulated by other factors, including nuclear cofactors that can act as activators or repressors (28) . For example, in recent in vitro experiments we found evidence that the nuclear cofactor p300 may be involved in muscle wasting. Thus, treatment of cultured myotubes with dexamethasone, a commonly used in vitro model of muscle wasting (37) , resulted in increased expression of p300 and p300-dependent muscle proteolysis (63, 64) . The role of p300 in glucocorticoid-induced atrophy of cultured myotubes was confirmed in a recent report by Tobimatsu et al. (58) . By its intrinsic histone acetyl transferase (HAT) activity, p300 influences gene transcription, but it can also regulate gene transcription by interacting with other nuclear proteins, including transcription factors and nuclear cofactors (40, 45) . Importantly, treatment of myotubes with dexamethasone also decreased the expression of the histone deacetylases (HDAC)3 and -6 and reduced HDAC activity (64) , further supporting the concept that muscle wasting may be associated with hyperacetylation.
Although our previous experiments in cultured myotubes provided in vitro evidence that increased p300/HAT and reduced HDAC3 and -6 expression and activity may be involved in muscle wasting, it is not known whether conditions characterized by loss of muscle mass, such as sepsis, influence p300 and HDACs in a similar manner in vivo. Here, we tested the hypotheses that sepsis in rats upregulates the expression and activity of p300/HAT and reduces the expression and activity of HDAC3 and -6. The potential role of glucocorticoids in the regulation of p300 and HDAC3 and -6 was examined by treating normal rats with dexamethasone or septic rats with the glucocorticoid receptor antagonist RU38486 (26) . Our results suggest that sepsis upregulates p300 expression and HAT activity and downregulates HDAC6 expression and HDAC activity and that these changes are, at least in part, glucocorticoid dependent.
MATERIALS AND METHODS
Animals were treated and cared for in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals. The experimental protocols were approved by the Institutional Animal Care and Use Committee at the Beth Israel Deaconess Medical Center (Boston, MA).
Animal experiments. Four series of experiments were performed. In the first series of experiments, we tested the effect of sepsis on the expression and activity of p300 and HDAC3 and -6 in skeletal muscle. Sepsis was induced in male Sprague-Dawley rats (50 -60 g body wt) by cecal ligation and puncture (CLP) as described in detail previously (16, 43, 44) . In short, with rats under general anesthesia induced by pentobarbital (50 mg/kg administered ip) the abdomen was opened through a midline incision and the cecum was ligated below the ileocecal junction with a 3-0 silk ligature and punctured twice with an 18-gauge needle. Control rats underwent sham operation consisting of laparotomy and manipulation, but no ligation or puncture, of the cecum. Rats were resuscitated with 10 ml/100 g body wt of saline administered subcutaneously on the back at the time of sham operation or CLP to prevent hypovolemia and septic shock. Animals had free access to water, but food was withheld after the surgical procedures to avoid the influence of differences in food intake on metabolic changes between sham-operated and septic rats. In previous experiments, we used small-growing rats (50 -60 g) because their lower extremity muscles are thin enough to allow for measurement of protein breakdown rates during in vitro incubation with maintained viability (16, 54) . Rats of the same size were used in the present study to make possible comparisons with previous observations. The septic model used here is associated with a reproducible and substantial increase in muscle protein breakdown (16, 54, 55) . The model resembles the situation in many surgical patients presenting with septic peritonitis caused by perforated bowel, such as perforated diverticulitis or ruptured appendicitis, and intra-abdominal abscesses. We reported previously that some of the metabolic and molecular changes seen in the CLP model in rats are present in muscle from patients with sepsis, suggesting that the model at least in part reflects the clinical situation in sepsis (56) .
At different time points (4, 8 , and 16 h) after sham operation or CLP, extensor digitorum longus (EDL) or soleus muscles were harvested, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until used for determination of p300, HDAC3, HDAC6, MAFbx/ atrogin-1, and MuRF1 expression. Other muscles were used for measurement of p300/HAT and HDAC activity. EDL muscles were studied in the majority of experiments because, in previous reports, we found that white, fast-twitch skeletal muscles are particularly sensitive to the effects of sepsis (16, 55, 57) . In additional experiments, soleus muscles were examined to test whether sepsis-induced changes in the expression of p300 and HDACs are differentially regulated in fast-and slow-twitch muscle, similar to other catabolic responses (16, 55, 57) .
In a second series of experiments, rats were treated with dexamethasone (10 mg/kg) or corresponding volume of vehicle administered intraperitoneally as described previously (54, 62) . Rats had free access to water, but food was withheld after the injections. Muscles were harvested 8 and 16 h after administration of dexamethasone or vehicle for determination of p300, HDAC3, HDAC6, MAFbx/atrogin-1, and MuRF1 mRNA levels and p300/HAT and HDAC activity.
In a third series of experiments, sham-operated and septic rats were treated with 10 mg/kg of the glucocorticoid receptor antagonist RU38486 (26) or vehicle (0.1 ml of 25% ethanol) administered intraperitoneally 2 h before sham operation or CLP. EDL muscles were removed 8 or 16 h after sham operation or CLP for determination of p300 and HDAC3 and -6 mRNA levels. We found in previous studies that treatment of rats with RU38486 prevented sepsis-induced muscle proteolysis and activation of the ubiquitin-proteasome pathway (54, 61) but the effect of RU38486 on sepsis-induced changes in p300 and HDAC3 and -6 expression is not known. Because glucocorticoid receptors are expressed in skeletal muscle (67) and because RU38486 exerts a direct effect on cultured muscle cells (37) , it is likely that the effects of RU38486 in the present experiments, at least in part, reflect a direct effect on muscle. It cannot be ruled out, however, that other mechanisms may also be involved, such as a systemic change in inflammation.
In a final series of experiments, the role of acetylation on muscle protein breakdown was tested by treating rats with trichostatin A (TSA; 10 mg/kg) or vehicle administered intraperitoneally. TSA increases acetylation by inhibiting HDAC activity (65) . The dose of TSA used here increased histone acetylation in previous studies in mice (2) . EDL muscles were harvested 2 and 4 h after administration of TSA for determination of HDAC activity, protein breakdown rates, and mRNA levels for atrogin-1 and MuRF1.
Muscle incubations. Protein breakdown rates were measured in incubated EDL muscles 2 and 4 h after rats were treated with TSA (10 mg/kg) or vehicle. Muscles were gently dissected with intact tendons, mounted on stainless steel supports at resting length, and incubated for 2 h under physiological conditions in a shaking water bath at 37°C as described in detail previously (16) . Protein breakdown rates were determined by measuring net release of free tyrosine into the incubation medium. Because tyrosine is not synthesized or degraded in muscle tissue and because reincorporation of tyrosine into protein was prevented by the presence of cycloheximide (0.5 mM) in the medium, net release of tyrosine provided a reliable measure of protein breakdown rates. Tyrosine was measured as described by Waalkes and Udenfriend (60) .
Real-time PCR. RNA was extracted from muscles by the acid guanidinium thiocyanate-phenol-chloroform method (8) using TRI Reagent (Molecular Research Center, Cincinnati, OH). Messenger RNA levels for rat p300, HDAC3, HDAC6, MAFbx/atrogin-1, and MuRF1 were determined by real-time PCR using TaqMan analysis. Multiplex real-time PCR was performed using the One-Step PCR Master Mix Reagents Kit for quantitation of mRNA expression with simultaneous amplification of 18S RNA as endogenous control to normalize the mRNA concentrations. TaqMan analysis and subsequent calculations were performed with an ABI Prism 7700 Sequence Detection System (Perkin-Elmer, Waltham, MA). For each sample, 100 ng of total RNA was subjected to real-time PCR (in duplicate) according to the protocol provided by the manufacturer. The sequences of the forward, reverse, and double-labeled oligonucleotides for rat atrogin-1 and MuRF1 used here were reported recently (10) . The corresponding sequences for rat p300 were forward, 5=-GCC AAA CAT GCA GTA CCC AA -3=; reverse, 5=-CCC TGC TGT AGT GGC TCA GTC-3=; and double-labeled TaqMan oligonucleotide probe, 5=-AGG CAT GGG CAA TGC TGG CAG TT-3=. The corresponding sequences for rat HDAC3 were forward, 5=-TGT GTT TCC CGG GCT CTT C-3=; reverse, 5=-GTG TTG CCC CTT GCA GAG A-3=; and double-labeled TaqMan oligonucleotide probe, 5=-AGT TCT GCT CCC GCT ATA CAG GCG C-3=. The corresponding sequences for rat HDAC6 were forward, 5=-TTG CAT GTT CAA CCA CCT GG-3=; reverse, 5=-CCT CTG AAT GCG GTG CTT CT-3=; and double-labeled TaqMan oligonucleotide probe, 5=-TGT GGC TGC CCG CTA TGC ACA-3=. Amplification of 18S RNA was performed in the same reaction tubes as an internal standard with an alternatively labeled probe (VIC-labeled probe) to distinguish its product from those derived from MAFbx/atrogin-1, MuRF1, p300, HDAC3, and HDAC6 RNA. The mRNA concentrations were normalized to the 18S mRNA levels and were expressed as arbitrary units.
Western blot analysis. Western blot analysis was performed to determine MAFbx/atrogin-1 and MuRF1 protein levels in total muscle extracts and HDAC3, HDAC6, and SIRT1 (a class III HDAC) protein levels in nuclear extracts. Total and nuclear muscle extracts were prepared as described in detail recently (52) . Aliquots (50 g protein) of total or nuclear extracts were subjected to SDS-PAGE using 10% gels, followed by transfer to PVDF membranes. The membranes were blocked with 5% nonfat milk in TTBS buffer (50 mM Tris·HCl, 150 mM NaCl, and 1% Tween-20, pH 7.4) and incubated with the following primary antibodies and the appropriate secondary antibodies: a rabbit polyclonal anti-rat HDAC3 antibody (1:1,000, Cell Signaling Technology, Danver, MA); a rabbit polyclonal anti-rat HDAC6 antibody (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA); a rabbit polyclonal anti-rat SIRT1 antibody (1:500, Abcam, Cambridge, MA); a rabbit polyclonal anti-mouse MAFbx/atrogin-1 antibody (1:1,000; kindly supplied by Dr. Stewart Lecker, Harvard Medical School); and a rabbit polyclonal anti-mouse MuRF1 antibody (kindly supplied by Regeneron Pharmaceuticals to Dr. Alfred Goldberg, Harvard Medical School, and used in the present experiments after permission from Regeneron Pharmaceuticals). An anti-rat lamin A/C antibody (1:1,000, Cell Signaling Technology) or an anti-rat OCT 1 antibody (1:1,000, Santa Cruz Biotechnology) was used for loading control when protein levels were determined in the nuclear fraction. A mouse monoclonal anti-rat ␣-tubulin antibody (1:2,000, Sigma-Aldrich, St. Louis, MO) was used for loading control when whole muscle extracts were studied. Immunoreactive protein bands were detected by using the Western Lightning kit for enhanced chemiluminescence detection (Perkin-Elmer) and analyzed using the public domain Image J program (http://rsb.info.nih.gov/ij/index.htm). The bands were quantified by densitometry and normalized to the appropriate loading controls.
Because p300 levels in skeletal muscle are low, p300 protein levels were determined by coimmunoprecipitation using a rabbit polyclonal anti-p300 antibody (N-15; Santa Cruz Biotechnology) for immunoprecipitation (pull down) and a mouse anti-human p300 monoclonal antibody (NM-11; Pharmingen, San Diego, CA) for immunoblotting as described in detail previously (63) .
Measurement of p300/HAT activity. The activity of p300/HAT was measured by using a commercially available p300 immunoprecipitation HAT activity assay kit and following the detailed instructions provided by the manufacturer (Upstate Cell Signaling Solutions, Lake Placid, NY). In short, nuclear p300 was immunoprecipitated, and its activity was determined by measuring the acetylation of histone H4 peptide in the presence of [ 3 H]acetyl CoA. The amount of radioactivity incorporated into H4 peptide was determined in a TRI-CARB 1600 TR liquid scintillation counter (Packard, Meriden, CT). HAT activity was determined in nuclear extracts from EDL muscles of septic and dexamethasone-treated rats. Sham-operated or vehicletreated rats served as controls, and results were expressed as a percentage of control.
Measurement of HDAC activity. HDAC activity was measured by using a commercially available fluorometric HDAC activity assay kit and following the manufacturer's detailed instructions (BioVision, Mountain View, CA). An HDAC fluorometric substrate containing an acetylated lysine side chain [Boc-Lys(Ac)-AMC] was incubated with a sample (80 g protein) of nuclear extract. Deacetylation of the substrate sensitizes it to treatment with a lysine developer producing a fluorophore. The fluorescence was measured by using a Victor 3 Fluorescence Plate Reader (Perkin-Elmer) and the results were expressed as relative fluorescence units per microgram of protein.
Water, instead of nuclear extract, was added as a blank. HeLa cell nuclear extracts supplied in the assay kit were used for positive controls, and TSA was added to the reaction (2 l of 1 mM TSA solution added to a final volume of 100 l reaction mixture) for negative control. The positive and negative controls were included each time the assay was performed, thus validating the assay. HDAC activity was determined in nuclear extracts from EDL muscles of septic or dexamethasone-treated rats. Sham-operated or vehicletreated rats served as controls, and results were expressed as a percentage of control.
Statistics. Results are reported as means Ϯ SE. Statistical analysis was performed by using Student's t-test or one-way ANOVA followed by Tukey's post hoc test as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS
In initial experiments, we determined p300 mRNA levels in EDL muscles at different time points after sham operation or induction of sepsis by CLP in rats. Messenger RNA levels for p300 were increased by ϳ50% 16 h after CLP but were not altered at earlier time points (Fig. 1A) . The increase in p300 mRNA levels noticed here in septic muscle was quantitatively similar to the response observed in dexamethasone-treated myotubes but occurred later than in myotubes, p300 mRNA levels being increased in myotubes after 2-4 h of dexamethasone treatment (63) .
To examine whether the increased p300 mRNA levels observed in muscle from septic rats were accompanied by increased p300 protein expression, p300 protein levels were determined by coimmunoprecipitation. Similar to the findings Fig. 1 . Sepsis in rats increases p300 expression and histone acetyl transferase (HAT) activity in skeletal muscle. A: p300 mRNA levels were determined by real-time PCR in extensor digitorum longus (EDL) muscles from shamoperated rats and rats made septic by cecal ligation and puncture (CLP). AU, arbitrary units. Results are means Ϯ SE with n ϭ 8 per group. *P Ͻ 0.05 vs. sham by ANOVA. B: p300 protein levels were determined by coimmunoprecipitation in EDL muscles 16 h after sham operation or CLP. Top: representative immunoblots and graph shows quantification by densitometry of 6 blots in each group. Results are means Ϯ SE with n ϭ 6 in each group. *P Ͻ 0.05 vs. sham by Student's t-test. C: HAT activity was measured in EDL muscles from sham-operated rats and rats made septic by CLP. Results are means Ϯ SE with n ϭ 8 per group. *P Ͻ 0.05 vs. sham by ANOVA.
in dexamethasone-treated myotubes (63) , the increase in p300 mRNA levels in muscle from septic rats was accompanied by increased p300 protein levels (Fig. 1B) . In addition, and importantly, muscle HAT activity was stimulated 16 h after CLP (Fig. 1C) .
Increased p300/HAT expression and activity may favor a state of hyperacetylation in skeletal muscle during sepsis. An additional finding that can result in hyperacetylation may be reduced expression and activity of histone deacetylases as suggested by our previous experiments in dexamethasonetreated myotubes (64) . To test whether inhibited deacetylation may be involved in sepsis-induced muscle wasting, we next determined mRNA levels for HDAC3 and -6 in EDL muscles at different time points after induction of sepsis by CLP. HDAC3 and -6 represent class I and II HDACs, respectively (36) , and were studied here because they were expressed in cultured muscle cells in our previous experiments and were downregulated by dexamethasone treatment (64) . Although there was a trend toward reduced mRNA levels for HDAC3 and -6 at 8 h after CLP, the differences between sham-operated and septic rats did not reach statistical significance (Fig. 2,  A and B) .
Whereas HDAC3 protein levels were not influenced by sepsis, HDAC6 protein levels were significantly reduced in EDL muscles from septic rats 8 h after CLP (Fig. 3, A and B) . SIRT1 is a class III HDAC (36) that has been implicated in the regulation of myocyte differentiation and muscle mass (5), possibly secondary to interaction with and deacetylation of PGC-1␣ (13, 42) . To test whether this deacetylase as well may be involved in sepsis-induced muscle wasting, we examined the expression of SIRT1 in muscle from sham-operated and septic rats. Similar to HDAC6, SIRT1 protein levels were reduced 8 h after CLP (Fig. 3C) .
Importantly, HDAC activity was significantly reduced (by ϳ20%) in EDL muscles 8 h after induction of sepsis (Fig. 4) . Taken together, the results shown in Figs. 2-4 suggest that sepsis results in reduced expression of some, but not all HDACs and that these changes are associated with reduced HDAC activity.
MAFbx/atrogin-1 and MuRF1 mRNA levels are commonly used as molecular markers of muscle wasting (3, 14, 37, 61).
Although we reported previously that sepsis results in increased expression of these ubiquitin ligases (10, 61), we wanted to confirm that the muscles studied in the present experiments displayed similar evidence of muscle wasting. Sepsis resulted in a robust increase in mRNA levels in EDL muscles for both MAFbx/atrogin-1 and MuRF1 with changes observed 8 and 16 h after CLP (Fig. 5, A and B) . Although increased MAFbx/atrogin-1 and MuRF1 mRNA levels have been reported previously in various muscle-wasting conditions, including sepsis (10, 61), it is not known whether the changes in MAFbx/atrogin-1 and MuRF1 mRNA levels during sepsis are accompanied by corresponding changes in protein levels. Here we determined protein levels for the ubiquitin ligases 16 h after sham operation or CLP and found that MAFbx/atrogin-1 and MuRF1 protein levels were increased ϳ4.5-and 3.5-fold, respectively (Fig. 5, C and D) . Therefore, in addition to confirming previous results of increased MAFbx/atrogin-1 and MuRF1 mRNA levels in septic muscle, the experiments in Fig.  5 provided the novel observation of increased MAFbx/ atrogin-1 and MuRF1 protein levels in the same muscles. Thus, the changes in HDAC and p300/HAT expression and activity were accompanied by molecular evidence of a catabolic response in skeletal muscle in the present experiments.
Dexamethasone-treated myotubes are commonly used as an in vitro model of muscle wasting because the catabolic response in muscle to sepsis and several other conditions is, at least in part, regulated by glucocorticoids (15, 37, 50) . Although our previous reports suggest that glucocorticoids can upregulate p300/HAT and downregulate HDAC3 and -6 expression and activity in cultured myotubes (63, 64) , it is not known whether glucocorticoids can exert the same effects in vivo. To address that question, we next treated rats with 10 mg/kg of dexamethasone or corresponding volumes of solvent. We found in previous studies that this treatment resulted in increased ubiquitin-proteasome-dependent protein breakdown and increased expression of C/EBP␤ and -␦ in skeletal muscle (54, 62) . Here, we found that treatment of rats with dexamethasone resulted in upregulated p300/HAT expression and activity in EDL muscles after 16 h with no significant changes noted at 8 h (Fig. 6) . The same treatment with dexamethasone resulted in reduced expression of HDAC3 and -6 and inhibited HDAC activity 8 h after injection of dexamethasone (Fig. 7) . Of note, muscles were studied 8 and 16 h after dexamethasone treatment based on the results observed in the septic rats described above. Importantly, our results do not rule out the possibility that p300 and HDACs were affected by dexamethasone at earlier time points. Indeed, in a recent study we found evidence that the DNA binding activity of the transcription factors C/EBP␤ and -␦ was increased 4 h after treatment of rats with dexamethasone (62) . Nevertheless, the present observations suggest that glucocorticoids may regulate p300 and HDAC3 and -6 expression and activity in vivo, similar to previous observations in cultured myotubes (63, 64) and that the sequence of changes (reduced HDAC expression and activity followed later by increased p300 expression and activity) was similar to that seen during sepsis.
Although we reported previously that treatment of rats with dexamethasone resulted in increased mRNA levels for ubiquitin (54), we wanted to test whether the changes in p300 and HDAC expression and activity induced by dexamethasone were accompanied by changes in MAFbx/atrogin-1 and MuRF1 expression. We therefore measured mRNA levels for MAFbx/atrogin-1 and MuRF1 in dexamethasone-treated rats and found that dexamethasone upregulated the expression of both ubiquitin ligases in EDL muscles after 8 and 16 h (Fig. 8) . These results are important because they provide evidence at the molecular level that a catabolic response was present in the muscles in which the expression and activity of p300 were increased and the expression of HDAC3 and -6 and HDAC activity were reduced. Fig. 6 . Treatment of rats with dexamethasone increases the expression of p300 and stimulates HAT activity in skeletal muscle. Levels of p300 mRNA (A) and HAT activity (B) were determined in EDL muscles 8 and 16 h after treatment of rats with 10 mg/kg of dexamethasone or vehicle (control). Results are means Ϯ SE with n ϭ 8 in each group. *P Ͻ 0.05 vs. contol by ANOVA. Fig. 7 . Treatment of rats with dexamethasone reduces the expression of HDAC3 and -6 and inhibits HDAC activity in skeletal muscle. HDAC3 (A) and HDAC6 (B) mRNA levels and HDAC activity (C) were determined in EDL muscles 8 and 16 h after treatment of rats with 10 mg/kg of dexamethasone or vehicle (control). Results are means Ϯ SE with n ϭ 8 in each group. *P Ͻ 0.05 vs. control at the corresponding time point by ANOVA.
Although the results in dexamethasone-treated rats suggest that glucocorticoids can regulate the expression and activity of p300 and HDAC3 and -6 in vivo, they do not address the question whether glucocorticoids are involved in sepsis-induced changes in the expression of p300 and HDACs. To test the role of glucocorticoids in sepsis-induced changes, we next treated rats with the glucocorticoid receptor antagonist RU38486 (26) . We found in previous reports that RU38486 prevented the sepsis-induced increase in muscle protein breakdown and expression of ubiquitin, MAFbx/atrogin-1, and MuRF1 (54, 61) . Here, we found that treatment of rats with RU38486 prevented the sepsis-induced increase in p300 expression in EDL muscles (Fig. 9A) . Although HDAC3 mRNA levels were not significantly reduced in septic rats, the trend toward decreased HDAC3 mRNA levels was reversed by RU38486 (Fig. 9B) . In addition, the downregulation of HDAC6 expression was prevented by RU38486 (Fig. 9C) . It should be noted that the significant decrease in HDAC6 mRNA levels observed in septic rats in this experiment differed from the results in Fig. 2B in which the changes in HDAC6 mRNA levels did not reach statistical significance. Although we do not have a definitive explanation for this apparent discrepancy, it is possible that the control injections of solvent for RU38486 accounted for the more robust decrease of HDAC6 mRNA levels in Fig. 9C than in Fig. 2B .
Increased p300/HAT and reduced HDAC3 and -6 expression and activity, as observed here in septic and dexamethasonetreated rats, provide conditions consistent with hyperacetylation. To test whether hyperacetylation can induce a catabolic response in skeletal muscle, we next treated rats with the HDAC inhibitor TSA (64) . In our recent experiments in cultured myotubes, TSA increased protein degradation to the same extent as dexamethasone treatment (64) . The influence of TSA treatment in vivo on muscle protein degradation has not been reported. Here, we found that treatment of rats with 10 mg/kg of TSA resulted in a 50% inhibition of HDAC activity in EDL muscles (Fig. 10A) and a significant increase in protein Fig. 8 . Treatment of rats with dexamethasone increases the expression of the ubiquitin ligases atrogin-1 and MuRF1 in skeletal muscle. Atrogin-1 (A) and MuRF1 (B) mRNA levels were determined by real-time PCR in EDL muscles 8 and 16 h after treatment of rats with 10 mg/kg of dexamethasone or vehicle (control). Results are means Ϯ SE with n ϭ 8 in each group. *P Ͻ 0.05 vs. control at the corresponding time point by ANOVA. Fig. 9 . Treatment of rats with the glucocorticoid receptor antagonist RU38486 prevents sepsis-induced changes in p300 and HDAC6 expression in skeletal muscle. A: p300 mRNA levels were determined by real-time PCR in EDL muscles 16 h after sham operation or CLP. Rats were treated with 10 mg/kg of RU38486 or vehicle (control) by intraperitoneal injection 2 h before sham operation or CLP. HDAC3 (B) and HDAC6 (C) mRNA levels were determined in EDL muscles 8 h after sham operation or CLP. Rats were treated with 10 mg/kg of RU38486 or vehicle (control) by intraperitoneal injection 2 h before sham operation or CLP. Results are means Ϯ SE with n ϭ 8 in each group. *P Ͻ 0.05 vs. control by ANOVA.
breakdown rates noticed 4 h after injection of TSA (Fig. 10B) . Interestingly, the same treatment resulted in an almost twofold increase in MAFbx/atrogin-1 mRNA levels, whereas MuRF1 mRNA levels were not affected (Fig. 10, C and D) .
The experiments described above (Figs. 1-10 ) were performed in EDL muscles because previous reports suggest that the catabolic responses to sepsis are particularly pronounced in white, fast-twitch skeletal muscle (16, 57) . To test whether sepsis-induced changes in p300 and HDAC expression are differentially regulated in fast-and slow-twitch muscle, we next determined the influence of sepsis on the expression of p300, HDAC3, and HDAC6 in the red, slow-twitch, soleus muscle. Interestingly, mRNA levels for p300 and HDAC6 were not altered in soleus muscles during sepsis, whereas HDAC3 mRNA levels were reduced (Fig. 11, A-C) . Although we found in previous experiments that sepsis-induced changes in protein degradation and the expression of ubiquitin were less pronounced in red, slow-twitch than in white, fast-twitch, skeletal muscle (16, 57) , it is not known whether the expression of MAFbx/atrogin-1 and MuRF1 is differentially regulated in the two types of muscle during sepsis. Here we found that although MAFbx/atrogin-1 and MuRF1 mRNA levels were substantially increased in soleus muscles of septic rats, the changes were less pronounced than observed in EDL muscles (Fig. 11, D and E, and compare with Fig. 5, A and B) . Taken together, the results in Fig. 11 suggest that the expression of p300 and HDAC6 may be differentially regulated in red, slow-twitch and white, fast-twitch muscles, whereas reduced HDAC3 expression may be a more generalized consequence of sepsis.
DISCUSSION
In the present study, sepsis induced by CLP in rats, resulted in increased p300 expression and HAT activity and reduced HDAC6 and SIRT1 expression and HDAC activity in the white, fast-twitch EDL muscle. Treatment of rats with dexamethasone resulted in similar changes in p300 and HDAC expression and activity as those observed in septic rats and sepsis-induced changes in p300 and HDAC6 expression were prevented by RU38486. In addition, treatment of rats with the HDAC inhibitor TSA stimulated muscle protein breakdown and upregulated atrogin-1 expression. Taken together, our results suggest that sepsis-induced muscle wasting is associated with glucocorticoid-dependent hyperacetylation in skeletal muscle caused by increased p300 and reduced HDAC expression and activity.
Interestingly, whereas reduced HDAC3 expression was noted in both fast-and slow-twitch muscles, p300 and HDAC6 expression was altered only in white, fast-twitch muscle. This observation suggests that acetylation and deacetylation of cellular proteins may be differentially regulated in different types of skeletal muscle during sepsis. Whether this difference is related to the more pronounced catabolic response to sepsis typically seen in white, fast-twitch muscle remains to be determined. Because white, fast-twitch skeletal muscle is more sensitive to the catabolic effects of sepsis (and several other muscle-wasting conditions as well), the present experiments were focused mainly on changes in EDL muscles.
An interesting observation in the present study was the difference between p300 and HDAC expression and activity with regard to the temporal regulation during sepsis and after dexamethasone treatment. Although not fully understood at present, one reason why p300 expression and activity were upregulated later than the downregulation of HDAC expression and activity may be different sensitivity of p300 and HDACs to the effects of sepsis and glucocorticoids. It is also possible that different mechanisms were involved in the regulation of p300 and the HDACs. In addition, it may be speculated that the results reflect a regulatory effect of reduced HDAC activity on p300 expression and activity. Previous studies suggest that p300 and HDACs can interact and that reduced deacetylation may influence the expression and activity of p300 (24, 48) .
Regulation of chromatin acetylation, in turn affecting the binding of transcription factors to DNA and influencing transcriptional activation, are important functions of p300 and HDACs (35) . Studies performed both in vitro and in vivo in experimental animals suggest, however, that acetylation of other proteins involved in the regulation of gene transcription may also be influenced by p300 and HDACs, including transcription factors and nuclear cofactors, some of which may be involved in the regulation of muscle mass (6, 7, 9, 13, 23, 33, 42, 47, 63) . Mechanisms by which p300 and HDACs can influence protein degradation were reviewed recently by Sadoul et al. (48) and include blocking the ubiquitination of lysine residues, changing the acetylation of chaperone proteins that regulate the stability of proteins, interacting with ubiquitin ligases, and even exerting intrinsic ubiquitin ligase activity.
It should be noted that although p300 and HDAC protein levels were measured in the nuclear fraction in the present study, acetyl transferases and deacetylases may be present in the cytoplasm as well (30, 34) . Interestingly, a recent study in cultured kidney HEK-293 cells, HeLa cells, and neuro2a (N2Aa) cells suggests that cytoplasmic HDAC6 plays an important role in cellular protein degradation by regulating the trafficking of proteins to the autophagic/lysosomal machinery (19) . It is intriguing that HDAC6 also possesses a domain that binds to polyubiquitin chains (51) , raising the possibility that HDAC6 may influence both proteasomal and autophagic/lysosomal proteolysis. The presence of cytoplasmic acetylation and deacetylation supports the concept that the state of acetylation of nonhistone proteins is an important mechanism of regulation of protein degradation as well as other cellular functions.
Although the present results support the concept that hyperacetylation caused by reduced HDAC and increased p300/HAT activity may be involved in sepsis-and glucocorticoid-induced muscle wasting, apparently conflicting results have been reported with regard to the effects of acetylation in skeletal muscle. Thus, inhibition of class I and II HDACs in cultured C2C12 and human primary myocytes resulted in the formation of myotubes with increased cell size and abundance of muscle proteins (17) . In a subsequent report from the same group, treatment of cultured C2C12 myotubes with TSA promoted recruitment of myoblasts and fusion into myotubes, at least in part, secondary to induction of the muscle sparing protein follistatin (18) . In other studies, treatment with TSA resulted in functional and morphological recovery of muscles in mice with muscular dystrophy (39) . In a recent report, HDAC6 activity was required for autophagic degradation of the Huntingtin protein (Htt), a protein that aggregates within intracellular inclusion bodies in neurons of patients with Huntington disease (19) . The studies quoted here apparently contradict some of the results in the present report by suggesting that a state of hyperacetylation reduces the degradation of at least some proteins in different cell types and may also be associated with the formation of muscle cells with increased size and protein content.
In contrast, other studies support the conclusion of the current study that hyperacetylation may promote protein degradation and loss of muscle mass. For example, Jeong et al. (20) reported recently that acetylation caused by CREB-binding protein and specific inhibition of HDAC1 targeted mutant Htt and resulted in trafficking of acetylated Htt to autophagosomes and increased autophagic/lysosomal degradation. The recent report by Tobimatsu et al. (58) confirmed the role of p300 in glucocorticoid-induced atrophy of cultured muscle cells. In other studies, reduced HDAC activity resulted in negative effects in skeletal muscle, including inhibited muscle differentiation in cultured myoblasts and frog embryos (53) .
There are several limitations of the present study that need to be taken into account when the results are interpreted. First, it is not known at present which cellular proteins that are hyperacetylated in skeletal muscle during sepsis or after treatment with dexamethasone. Second, it is not known which HDAC(s) accounted for the reduced HDAC activity noticed here in muscle from septic and dexamethasone-treated rats although our results suggest that both HDAC6 and SIRT1 may have been involved. Third, the present observations do not prove that there is a link between reduced HDAC and increased p300/HAT activities and muscle wasting, although the increased muscle protein degradation and MAFbx/atrogin-1 expression noticed after treatment of rats with TSA support a role of hyperacetylation in muscle wasting. Finally, it remains to be determined whether the expression and activity of p300 and HDACs are altered in skeletal muscle of septic patients as well. Despite the limitations, the present observations are important because they suggest for the first time that hyperacetylation caused by reduced HDAC activity and stimulated p300/HAT activity may be involved in sepsis-and glucocorticoid-induced muscle wasting.
Perspectives and Significance
The present report provides the first evidence that sepsis-and glucocorticoid-induced muscle wasting may be associated with hyperacetylation caused by increased p300/HAT and reduced HDAC expression and activity. Although the experiments do not prove that there is a link between hyperacetylation and the catabolic response in skeletal muscle during sepsis, it may be speculated that targeted inhibition of hyperacetylation, for example by stimulating HDAC activity (38) , may be a method by which muscle wasting can be prevented in sepsis and other conditions characterized by glucocorticoid-regulated muscle wasting.
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